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Introduction
The development of a novel flexible sensor patch for sensing multiple parameters is described in this paper. The sensor patch utilizes polydimethylsiloxane (PDMS) as the substrate and a nanocomposite of PDMS and carbon nanotubes (CNT) as electrodes. PDMS had been substantially used [1] [2] [3] for the development of flexible sensors due to its low cost, non-toxicitiy, inertness and hydrophobic nature. CNTs were preferred as the conducting material over other metallic nanowires because of their biocompatibility, high flexibility, resistance towards temperature change, low stiffness, and high tensile strength. Multi-walled carbon nanotubes (MWCNTs) were used for the experiments functionalized with carboxylic groups (-COOH). The functionalized MWCNTs have a better dispersing capability inside a polymer compared to unfunctionalized or single-walled carbon nanotubes (SWCNT). This leads to a better interfacial bonding between the nanotubes and the polymer resulting in a higher conductivity. Interdigitated electrodes were patterned on the nanocomposite layer, allowing for a non-invasive and singlesided strain measurement. The patterns were produced using CO2 laser ablation [4, 5] . Compared to other fabrication techniques like 3-D printing [6] , photolithography [7] , inkjet printing [8] , etc., it excels at the ease of sample preparation without the need for any templates or additional material. This method fabricates very thin and flexible materials and can cut smooth edges which are approxmiately parperdicular to the surface. By attaching the sensor to the skin, respiration and limb movements were tested on different people as shown in the experimental results section, to verify its functionality. The concept of sensors to monitor people's health and lifestyle has been capitalized since the past two decades [9, 10] . Different types of sensors have been used to monitor the activities and physiological parameters of the individuals to understand and generate a pattern for human behavior [11] [12] [13] . Sensors with flexible substrates are one sector where prominent research work [14] [15] [16] [17] has been done in recent times. Light weight, low cost of fabrication, long lasting capability are some of the reasons for their increased usage over rigid substrates. The sensors developed for smart home usage are mainly dedicated for single parameter monitoring purposes like PIR sensors [18] , pressure sensors, etc. Multiparameter monitoring is of great interest due to the disadvantage caused by sensors for individual applications. For example, the cost is largely reduced in using a multi-functional sensor. The sensor patch development shown in this paper is much simpler and easier to fabricate compared to previously developed sensors, which had been fabricated for multiple functions containing a coil [19] [20] [21] operating on a magnetic principle. Significant research work has also been done on the detection of joint and limb movements. The majority of them involves fixed sensors [22] or the study of an artificial robot [23] to analyze the human behavior. Wearable sensors [24] and accelerometers [25] are other techniques used to monitor human movement. Shoe sensors [26] and braces [27] are some types of wearable sensors used for monitoring of physical activities involving limb movements. The existing concepts have distinct disadvantages. Some would be wearable sensing devices required to be worn by the person at times; others would involve complicated gadgets working on specific computational algorithms involving an expertise to operate them. Thus, there is a need for a simple, non-invasive, sensing device which upon its attachment to the monitored region would precisely detect the movements, even on a smaller scale. Research work to monitor the rate of respiration has been done previously using devices with and without flexible substrates. The photoplethysmographic technique [28, 29] is widely used for the detection of respiratory rate. But this technique is complex and requires technicians at the time of monitoring. Piezo-resistive [30] , fabric attached sensing [31, 32] and optical sensors [33] are other ways used to monitor respiratory rate. Technical complexity, cost and specific positioning of the subject during monitoring are some of the demerits of these techniques. Monitoring of respiration and other physiological parameters has also been done using PVDF-based piezoelectric sensors [34, 35] . But the disadvantages of using PDVF are the strong temperature depending performance along with high hysteresis exerted by the sensors. There are different force sensors available in the market. Table 1 classifies them based on price, size and some applications related to physiological parameter monitoring. Typically, either the price of the sensors is very high or the sensor size is large. In this paper, we show the change in capacitance of an interdigitated electrode on a flexible sensor patch by simply attaching it to the lower part of the diaphragm of an individual. The inhalation and exhalation rates were monitored based on the strain induced on the sensor patch. This could be used for applications like the abnormality in the rate of respiration caused due to hypoxemia and hyperemia which can be analyzed by monitoring the change in sensor capacitance between a healthy person and a patient.
Theory
The working principle of the sensor is based on the deformation of an interdigital electrode structure. The capacitance of any parallel plate capacitive device can be generally expressed by,
where, C is the capacitance of the interdigital sensor, ∈ = 8.85 is the × 10 −12 F·m −1 is the permittivity of vacuum, ∈ is the relative permittivity, A is the effective area, and d is the effective spacing between electrodes of different polarity.
A change of d or A causes a change of the capacitance. This can be exploited to monitor a physiological event through the change in capacitance based on the deformation-reformation of the sensor patch. The exertion of tensile stress on the patch via a physiological event changes the capacitance with respect to its normal position [36, 37] . Fig. 1 depicts the notion. L and W stand for the length and width of the sensor patch, respectively. ∆L, ∆W, and ∆d are the changes in length, width and interdigital distance of the sensor patch, respectively, caused when deformed. Using equation (1) , the change in capacitance can be calculated as a function of change in length (∆L), width (∆W) and interdigital distance (∆d) as shown in equation (2) .
Fabrication and Characterization of the Sensor Patch
The schematic diagram of the fabrication steps is given in fig. 2 . PDMS (SYLGARD ® 184, Silicon Elastomer Base) was cast at a ratio of 10:1 of base elastomer (pre-polymer) and curing agent (cross-linker) on a Poly (methyl methacrylate) (PMMA) template. The template was patterned using a laser cutter (Universal Laser Systems). PMMA was chosen because of its impassiveness towards PDMS and the cured material can be easily peeled off from the base without any additional steps. The thickness of the cast PDMS was adjusted to 1 mm by a casting knife (SHEEN, 1117/1000 mm). The sample was then desiccated for 2 hours to remove any trapped air bubbles.
The sample was cured at 80 0 C for 8 hours to form the substrate for the sensor patch. A mixture consisting of functionalized MWCNTs (Aldrich, 773840-100G) and PDMS was then cast onto the cured PDMS. 4 % wt. of CNT was used after an optimization between the conductivity and dispersion of CNT into PDMS. Followed by the adjustment of the thickness of the nanocomposite layer by the casting knife to around 600 µm, the sample was again desiccated for 2 hours to remove any trapped air bubbles. Then the nanocomposite layer was cured at 80 0 C for 8 hours. Laser induction (Universal Laser Systems) was then employed to form the electrodes pattern on the cured nanocomposite. A SEM image of the nanocomposite is shown in fig. 3 . The white regions as shown in the image are the PDMS, and their counterpart black regions are the CNTs.
Images of the individual steps are shown in fig. 4 . Table 2 shows the combination of power and speed settings tried for an optimal cut of the sensor patch. Power (W) refers to the how energetically the laser fires on the sample. Speed (m/min) refers to the rate of movement of the laser nozzle in X and Y directions. Z-axis was used to adjust the focal point of the laser beam on the ablated material. This is done by moving the laser head in the z-direction. The thicknesses of the electrodes were measured by a profilometer (XP-200). While fabricating sensors with very low power and speed settings, a hardening effect on the patch was observed, this led to the nanocomposite to come off upon application of stress to the patch. After a series of short-circuit and transparency tests on the different electrodes, the one fabricated with a combination of the power of 24 W and speed of 70 m/min turned out to be the most viable one and was used for further characterization and experimentation. The front and rear views of the sensor patch are shown in fig. 5 . The black spots in the PDMS shown in the rear view of the sensor patch are some agglomeration of CNTs that lie within the PDMS layer.
Impedance measurements of the sensor patch were performed by a Precision Impedance Analyzer (Agilent 4294A). Open and short calibrations were done before measurements to remove the effect of stray capacitances. The frequency was swept from 10 kHz to 10 MHz, and the impedances (Z) and phase angles (ϴ) recorded are shown in figs. 6 and 7. The sensor patch is capacitive in its nature with the largest phase angle observed at 150 kHz. Hence, further characterization was conducted at the operating frequency of 150 kHz.
The stress-strain relationship of the sensor patch was determined using an INSTRON extensometer tensile/compressive force testing system (VS02477052 R: F). Stresses applied to the horizontal and vertical direction to the sensor patch are shown in fig. 8 . As can be seen from fig. 9 , an expected stress-strain relationship [38] is followed in the horizontal direction compared to the vertical direction. This could be due to the anisotropic geometry of the electrodes. The fracture points for the tensile stress were (1420 µm, 2060 mN) and (-1680 µm, -840 mN). The lower limit of negative strain was caused due to the excessive bending of the patch. The capacitance-strain relationship of the patch is shown in fig. 10 . The sensor showed a prominent change in capacitance at the operating frequency (150 kHz). The sensitivity is calculated from the curve with the optimum frequency of 150 kHz. 
Experimental Set-up
To test the sensor for biophysical parameter monitoring, the patch was attached to the skin using biocompatible tapes (VHB 3M RP) as shown in fig. 11 . The sensor was attached only after the skin was completely dried to minimize the effect of sweat or water on the attachment of the tapes. The presence of sweat would lead to an additional capacitive layer between the sensor and skin leading to erroneous results. The measurements of the change in capacitance of the sensor were done by a Precision LCR meter (E4980A) at 150 kHz. BNC to alligator clips were used to connect the instrument to the sensor patch which was attached to the body. Respiratory measurements were done by attaching the sensor at the lower end of the diaphragm. The readings were taken for two different conditions. The sensor was attached to the trochlea elbow and the patella of the knee to detect the movement of limbs. The terms 'flexed' and 'extended' shown in the figures refer to the states of the limb position. The arms were moved from a fully extended position, i.e., resting on the table to a fully flexed position via bending the elbow. The leg movement was done in a similar fashion by bending the knee from an extended to a flexed position. The sensor position on the body is crucial regarding the life span and reproducibility of the results. For example, if the sensor is placed in a tilted position, the stress exerted on the patch would not be distributed equally. This would stretch the patch non-uniformly generating an unequal interdigital distance (d) between the electrodes, producing erroneous results. Fig. 12 shows images of the experiments for monitoring of limb movement and respiration.
Experimental Results and Discussion
People of different age groups were tested for monitoring limb movements and respiration to validate the functionality of the sensor patch. Figs. 12-15 show the sensor output when the subject was at rest and the limbs were moved in an oscillatory fashion. The results show that limb movements can be clearly detected with the sensor patch. The limbs were flexed up to the angle of 140 0 , considering the extended limb to be zero degrees. There are a few issues that can be addressed to optimize the performance. For example, in figs. 12 and 13, fluctuations are observed, during the flexed state. This can lead to contradictory assumptions of the state of the limb. The reason for could be the movement of the cables. This issue would be addressed by the wireless operation. Movements of the limbs loosened the sensor patch from the skin, leading to the observed artifacts. The signals in the flexed position showed to some extent different values. The reason for this is that the movement of the limbs was not completely identical for two different situations.
Figs. 16-17 show the sensor output when the person is at motion. The change in capacitance was monitored when the person moved his limbs while walking. Not much difference is found in this case compared to the output when the subject is at rest. The difference between the two situations, flexed and extended, can still easily be distinguished. The different angular change on a reference of a limb of a subject is shown in fig. 18 . The measurements were taken using a Winkletronic angle finder (450 mm). This experiment was performed to determine a relation between the changes in capacitance on each degree movement of the limb. It is seen from fig. 19 that the sensor patch's change of capacitance is linear with the degree of movement of the limbs. The angular variation of the limbs was considered up to 130 0 because the limbs do not bend further with respect to the reference. 
Conclusion and Future Work
Functionalized MWCNTs as conductive material embedded in a PDMS substrate based flexible sensor for multiple physiological parameters monitoring has been designed and fabricated. The MWCNTs were chosen as filler for nanocomposite due to their high electrical conductivity and flexibility along with their aspect ratio. The functionalization groups like C-OOH, C-O and other oxygen carboxyl groups helped in increasing electrical conductivity and allowed better dispersion of the nanotubes in the polymer [39] . PDMS provides a low Young's modulus, required for a high-performance patch in terms of strain range and durability. It is also cheap compared to other polymers (Polyethylene naphthalate, Polyethylene terephthalate) used commonly to develop flexible sensors. Due to their hydrophobicity, PDMS as a sensor substrate minimizes the effects of sweat on the sensor output and attachment. The size of the sensor is small, around 50mm 2 , making it convenient to use for monitoring physiological parameters of elderly people or infants by minimizing discomfort. The developed patch was used for non-invasive monitoring of multiple physiological parameters. Respiration measurements of different individuals along with limb movements were monitored by attaching the sensor to the skin of the moving body parts. A particular advantage of this method is the potential of multiple parameters sensing ability, thus reducing the number of sensors required for the individual parameter, making it practical and cost efficient. 
